For amputees to perform an everyday task, or to participate in physical exercise, it is crucial that they have an appropriately designed functional prosthesis. The aim of this study was to investigate the optimal trans-femoral prosthetic alignment configuration for running. A case study design was implemented as the method to collect data on four male Paralympic level trans-femoral amputee runners. In total 28 synchronised 3D kinematic, kinetic, and temporal biomechanical measures were analysed. A new prosthetic alignment, in which the prosthetic knee axis was lowered longitudinally (moved distally), was evaluated for running. The performance of the symmetry indices and running time for a total of three new modified alignments were compared to the standard prosthetic alignment. The interlimb asymmetry was found to improve when the subjects ran on the modified prosthetic alignment, and most importantly a one way ANOVA found a statistically significant increase in running velocity. This study identified that for all four subjects, who used the same prosthetic components, lowering the prosthetic knee joint centre improved their interlimb symmetry, and subsequently their running velocity by an average of 26%.
Introduction
The many differences between an amputee's prosthetic and anatomical limb result in a unique pattern of gait. Past studies of trans-femoral amputee's gait have identified several limitations in the performance of the amputee and their prosthesis, such as asymmetrical gait, slower walking speed, and higher energy demands (Czerniecki, 1996; Macfarlane et al, 1997; van der Linden et al, 1999) . Some of these limitations have been reduced by improved prosthetic components, such as the documented faster walking velocity and an improved swingphase symmetry index that results when the amputee wears a pneumatic rather than a mechanical swing-phase control knee unit (Boonstra et al., 1996) . However, despite these improvements in components, the trans-femoral amputee's prosthesis still limits the amputee's function and performance (Blumentritt et al., 1997) . Further studies on walking gait have shown that one of the most important limitations is the delay in the swing phase of the prosthetic knee, which can be as much as 36% greater (Hale, 1990 : Boonstra et al, 1993 Jaegers et al, 1995) . This delay leads to the trans-femoral amputees' tendency to "hop-skip" when they change speed from walking to running (Mensch and Ellis, 1986) . Studies on the trans-tibial amputee's running gait have found that as their speed of gait increased, so did the interlimb asymmetry (Isakov et al., 1996) . There are few corresponding studies on the trans-femoral amputee's running gait, but it seems reasonable to assume that the same phenomenon occurs, as exemplified in the "hop-skip" running style.
The trans-femoral amputee's gait has been found to be sensitive to the mass and the mass moment of inertia of the prosthesis (Gitter et al, 1997) . The consequence of the inertial influence has become more apparent with the advances in prosthetic design that has led to lighter prosthetic components. Although there is a paradox in that the inertial characteristics of the prosthesis can be improved by adding an appropriate mass rather than making the prosthesis lighter (Selles et al., 1999) . In other studies greater mass has been added to the prosthesis to the extent that the mass and mass moment of inertia of the prosthesis approximate the intact limb (Mattes et al., 2000) , but this approach resulted in greater gait asymmetry and higher energy expenditure for the amputee. These contradictions in findings highlight the need for correct matching of the inertial characteristics of the prosthesis to the amputee. In the past research on gait a common performance indicator has been the symmetry index (Giakas and Baltzopoulos, 1997; Bennell et al, 1999) although interlimb symmetry is often assumed, research has shown this interlimb symmetry to vary (Sadeghi et al, 1997) .
A more accurate prosthesis-amputee match has been found to reduce the compensatory actions of the amputee, improve symmetry, smoothness, and therefore efficiency of gait (Zahedi et al, 1987; Pinzur et al, 1992; Taylor et al, 1996) . In matching the amputee with the prosthesis, there is little that can be done to modify the amputee's stump. That is, the length of the stump is fixed, although the remaining musculature may alter with or without loading (Gottschalk and Stills, 1994: Sanders and Daly, 1993) . On the other hand, the prosthesis is an external mechanical device that can be lengthened, shortened, and otherwise modified. Traditionally, the axis of the artificial knee has been located according to aesthetic criteria to provide anatomical symmetry, That is, the knee unit has been designed so that, when the amputee sits down, the artificial knee coincides with the anatomical knee. This focus on aesthetics is understandable, but there is no way of knowing whether such positioning of the artificial knee will automatically bring optimal walking or running performance of gait.
For highly active amputees it is becoming more common to develop a dedicated prosthesis for specific applications, such as Sprint Flex® prosthesis to improve a trans-tibial amputee's running performance (Buckley, 2000) . As there are several documented cases of rehabilitated trans-tibial amputees running, and there are very few reported cases of trans-femoral amputees running, several questions arise as to why this is the case. In particular, does the trans-femoral amputee prosthesis limit the amputee's ability to run? This research hypothesised that the reported delay involved in the swing-phase of the prosthesis., the interlimb asymmetry, and subsequent limitation to running could be remedied by adjusting the inertial characteristics of the prosthesis by moving the prosthetic knee centre distally. Traditionally prosthetic alignment has focussed on mediolateral or anteroposterior alignment changes. These changes may involve a horizontal shift in either of these planes, an angle of rotation alignment modification, and a line of gravity alignment for the complete prosthesis. It was the intention of this study to investigate the possibility of a longitudinal change in the alignment of the trans-femoral amputee's prosthesis, that is raising or lowering the knee axis location. In total, three modified knee alignments were physically tested under running conditions. An original location (suggested by a mathematical model developed specifically to simulate the swing phase of the prosthesis), and two more locations, approximately 50mm higher and 50mm lower than the suggested start point (these locations may vary slightly depending on the physical dimensions of the prosthetic components). The aim of this study was to investigate the optimal trans-femoral prosthetic alignment configuration for running, and to evaluate if there is a change in functional performance of the prosthesis with this new alignment configuration. To quantify any change in performance symmetry indices were calculated from standard biomechanical measures, as well as recording the running velocity.
Methods

Design
Due to the extremely limited number of transfemoral amputees who currently run, a case study design was implemented. Ethical approval and signed consent forms were obtained prior to data collection. 
Subjects
The subject group consisted of four male trans-femoral amputees all of whom were members of the Australian Paralympic squad for the 1996 Atlanta Paralympic Games. The subject details are shown in Table 1 . The subjects were asked to commit themselves to the full testing programme but were free to withdraw consent at any time. The protocol for the investigation required the subjects to commit to: 1. modifying their running prosthesis under the supervision of qualified prosthetists; 2. following a period of adaptation to the new alignment to reassess their running performance; 3. repeating step two until a total of three different prosthetic alignments were analysed; 4. providing feedback on the modified prosthetic configuration both verbally and by completing a written survey. As elite athletes all subjects had already determined their own combination of prosthetic components, as shown in Table 2 . No commercial manufacturer had any influence or control over the protocol for this research.
Measures
The aim of the project was to investigate the optimum prosthetic alignment for running. The primary objective was to run as fast as possible, energy expenditure was considered a secondary issue. As such, only biomechanical measurements were made when running on the standard prosthetic alignment and this was repeated when the subjects ran on the modified prosthetic alignment. The baseline biomechanical data, consisting of synchronsied 3D kinematic, kinetic, and temporal measures was collected as the subjects ran with their standard running alignment. The biomechanical data was collected in the biomechanics laboratories with the School of Human Movement Studies, at the Queensland University of Technology and the Australian Institute of Sport. The subjects were allowed to select their own length of run up, within a minimum length of 20m, and a maximum of 70m and ran at maximal speed through the filming window. Ten (10) successful trials were necessary, the first 5 trials required the anatomical limb to make contact with the single ground reaction force plate, and the second set of 5 trials required the prosthetic limb to make contact with the force plate. A trial was only accepted when the following conditions were satisfied: 1. the subjects did not show obvious evidence of targeting the force plate and altering their gait pattern for a distance of at least 5m before and after the force plate; 2. the subject's foot landed on the centre of the force plate; 3. maximum running velocity was attempted by the subjects and the investigators monitored the running velocity of each trial to determine if there was a significant change in running velocity.
In every trial;, the 3D kinematic data was collected with four 200Hz Motion Analysis® cameras, and the kinetic data was collected with a 600Hz single Kistler® force plate. The temporal data was collected via telemetric foot switches attached underneath of the prosthetic and anatomical feet. The kinematic, kinetic and temporal data collection was synchronised via a trigger beam placed approximately 2m before the ground reaction force platform. The average velocity of each trial was measured as the subject passed through the velocity window created by two timing lights, set at a distance of 10m apart. The elapsed time between breaking each beam was recorded for each trial, and the mean period used to calculate the average velocity. A total of 28 variables were measured for each subject, for each of the four different prosthetic configurations, and for both the prosthetic and anatomical limbs. These variables are identified in Tables 3 and 4 
Analysis
For the 27 biomechanical measures (which excluded the running velocity), 5 measures were calculated for the prosthesis and remaining limb respectively. From each of these 5 trials the mean and standard deviations were calculated, and the mean value was used to calculate a symmetry index that compared both limbs. This index was calculated by dividing a variable for 
2.
Force in the vertical direction 3. 4.
5.
6.
Force in the anteroposterior direction 8. 9.
peak loading force (BW)
impulse to the peak loading force (BW.s) peak push-off force (BW) impulse from the peak push-off force (BW.s) total ground reaction force impulse (BW.s) peak deceleration force (BW) deceleration impulse (BW.s) peak acceleration force (BW) acceleration impulse (BW.s) the prosthetic limb by the same variable for the anatomical limb. The closer this index is to unity, the better the symmetry for that measured variable. To analyse the running velocity a one way anova was performed on the data and the degree of statistical difference calculated.
Results
Table 5 presents a typical comparison of the kinematic symmetry indices for the standard prosthetic alignment and the three modified alignments. For ease of identification the optimal symmetry index (closest to unity) for the particular variable measured has been highlighted. A typical example of the symmetry indices for the kinetic ground reaction forces, when running with the standard knee axis and the modified alignments are presented in Table 6 . A typical example of the symmetry indices of the temporal data is shown on Table 7 .
A summary of the biomechanical data collection versus knee axis location for subject one is presented in Table 8 . This table has consolidated the symmetry indices for the 27 biomechanical measures and has identified the prosthetic alignment that produces the greatest number of symmetry indices. For example, there were a total of 13 kinematic measures calculated and when comparing the standard knee axis alignment and the three modified alignments, the standard knee alignment contained the optimal symmetry indices for only 2 of the 13 (2/13) kinematic measures. By comparison, the "standard knee + 150mm" alignment contained 6 of the 13 (6/13) optimal symmetry indices. A similar process was adopted for the 9 kinetic and the 5 temporal measures. For ease of identification within this table the alignment with the greatest number of symmetry indices for the kinematic and temporal measures have been highlighted. Also shown in Table 8 is the average running velocity at the four different alignments. Tables 9,10 and 11 list the summary of the biomechanical measurements for subjects two, three and four respectively.
Based on the results of the data collection (Tables 8, 9, 10 and 11) the optimal knee location for all subjects, as well as their stump lengths and prosthetic componentry is presented in Table 12 .
The summary of the subjects survey feedback, when running with the different alignments is listed in Table 13 . The cumulative number of responses from the subjects is listed in the brackets next to that response. For example, if 4 out of 4 subjects selected the response "easier" in question 1 then (4/4) is recorded in bold and italics next to that response.
Discussion
The aim of this study was to investigate the optimal trans-femoral prosthetic alignment configuration for running, and to evaluate if there is a change in functional performance of the prosthesis at this new alignment configuration. To quantify any change symmetry indices were calculated for 27 variables, added to these measures was the running velocity measure. Together these objective measures quantified any change in functional performance. Coupled with these measures, the subjects completed a written survey to gauge their personal feedback on running with this new alignment. Table 5 presents a typical kinematic comparison between the standard prosthetic alignment and the three modified running alignments. As seen in Table 5 , for subject 1, 11 of the 13 measured variables recorded a better symmetry index when the alignment was set at other than the standard alignment configuration. The summary Tables 8-11 identify the extent of symmetry indices for all subjects. For subject 1 the greatest number of symmetry indices for the kinematic variables was achieved at a knee axis location of 150mm lower than the standard knee position. The finish position of the prosthetic hip was noticeably less than the corresponding position for the anatomical limb, with typical indices of 0.10. This result was attributed to the amputee's requirement to reduce the angle of hip flexions at heel strike, so as to maintain extension of the prosthetic knee and avoid any involuntary bucking of the prosthesis when subjected to loading. Although this research found an overall improvement in running performance due to modifying the knee axis position, as shown in Tables 8-11, the limitation of the smaller hip flexion at heel contact was not resolved, and would be an appropriate area for future studies. In Table 8 . Summary of biomechanical measurement versus knee axis location for Subject 1. The number of optimal biomechanical variables at each prosthetic location is identified within each column. addressing the documented delay in swing time for the trans-femoral amputee's prosthesis, the results form this study have found that lowering the knee axis improved the extension angular velocity index for the prosthetic knee. This result of an improved knee extension angular velocity could be extrapolated to say that a faster knee angular extension velocity could result in a faster running velocity. As this approach of lowering the knee axis had not been found documented in the literature, no comparison to previous research could be made other than improved interlimb symmetry from inertial optimisation. The typical kinetic GRF data is presented in Table 6 , (Subject 1), and highlights that in 8 of the 9 measures the optimal kinetic symmetry indices were found at alignments other than the standard configuration. In the vertical direction the symmetry indices of the loading and pushoff forces and impulses improved as the knee axis was lowered. This could be attributed to the more symmetrical velocities of the prosthetic and anatomical limbs. In addition, the subjective feedback from the survey identified that this new alignment gave the athletes improved confidence when running. In the anteroposterior direction the acceleration force developed by the prosthetic limb was well below the equivalent force developed by the anatomical limb, with an average acceleration force symmetry index, across all four subjects, of 0.38. Similarly, the decelerating force impulse for the prosthetic foot was well below that!5f the anatomical limb with the average symmetry index for the deceleration impulse across all four subjects being 0.31. Both of these outcomes emphasise the limitation the prosthetic limb (in particular the prosthetic foot) had in absorbing and releasing of energy. Lowering the knee axis failed to improve this problem and highlights the need for further improvement in the prosthetic limb energy storing characteristics.
As the knee axis moved distally the temporal indices also improved. An example of data from subject three is shown in Table 7 , and indicates a more symmetrical gait when running with the modified prosthetic alignment. The swing time percentage index at the standard knee axis was greater than unity for all subjects, identifying a longer swing time for the prosthetic limb. This finding was consistent with other studies, which highlight the delay in swing phase of the prosthesis (Hale, 1990; Jaegers et al., 1996) . As the knee axis of the prosthesis was lowered, the swing time percentage index also lowered, identifying a faster swing time for the prosthetic Tables 8, 9, 10 and 11 list a consolidation of the biomechanical symmetry indices and running velocity for all four subjects respectively. These tables indicate the number of optimal symmetry indices within each biomechanical measure at the four different knee axis locations. As seen in all of these tables the greatest number of symmetry indices were found at locations other than the standard alignment. This data, as well as the running velocity data was utilised to determine the optimal alignment configuration. The average running velocities at each of the different alignments were statistically compared to the velocities at the standard knee axis position. For every subject the running velocity at the new alignments were significantly faster when compared to the standard alignment set-up. To determine if there was any learning effect developed within the study, the subjects ran with the standard alignment at the commencement of the programme and again at the completion of the study (approximately 3 months later). When comparing their running velocity on the standard alignment pre-and post-the research programme there was no statistically significant difference between these values. As seen in these tables the fastest running velocity coincided with the greatest number of symmetry indices. This phenomena occurred for all four subjects.
With each subject using their same prosthetic components the symmetry between the prosthetic and anatomical limbs was improved by lowering the knee axis, as shown in Tables 8-11. The degree of lowering the knee axis was in the range of 130 to 240 millimetres, with an average of 175 millimetres lower than the standard position, as shown in Table 12 . Also shown in this table are the subjects' respective stump lengths, and their preferred prosthetic knee and foot units. This information was produced to ascertain if there was a relationship between the amputee's anatomy, their prosthetic componentry, and the new optimal running alignment. No trend in this data was found, which could be attributed to having a subject number of four. This data is presented as it may provide some assistance to others in this field. The most useful finding from this study was that a significantly faster running velocity was attained for all subjects. The range of .this improvement was between 19-40%. with an average improvement of 26%.
To complement the objective biomechanical measures subjective data was also obtained by surveying the subject's feedback when running on this new alignment. The modified set-up works well for running but not for walking, improve the method of attaching the stump to the socket, and to set the prosthesis up for the activity feedback on running and adapting to this new alignment was positive, with 4 out of 4 subjects finding running on the new alignment easier, faster, and more natural. In addition they all felt more confident running on this set-up and intend to use this set-up for running in the future.
Conclusions
The study identified that the standard alignment of the trans-femoral amputee prosthesis was not suitable for running. The symmetry between the prosthetic and anatomical limb was found to improve by lowering the knee axis location in all four of the subjects tested.
Lowering the vertical alignment of the prosthetic knee was found to improve the documented delay in the swing phase of the prosthesis. The findings from this study highlight that vast improvements can be achieved in the quality of life the amputee, purely due to improvements in the method of alignment of the prosthesis. At the conclusion of this study interlimb symmetry is still a contentious issue. For this research an improvement in interlimb symmetry did correlate with an improvement in running performance. Future studies could investigate the appropriate configuration for other activities such as jumping, throwing, and even walking.
